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ABSTRACT 
 
One of the most important aspects in railway operation is the interaction between rail 
and wheel. The contact conditions give rise to wear and damage in both components. 
Medium carbon steels are used in these components due to their combination of high 
strength and good wear properties in relation to cost. In service, high surface 
temperatures develop because of frictional heating on traction, braking, curving and 
occasional full slippage. Furthermore, long-term block braking may heat the wheel rim to 
over 500°C. It is thus relevant to examine the high temperature performance of wheel 
material as well as the decrease in strength after thermal exposure.  
In the current thesis, two railway wheel steels are examined. These are the medium 
carbon steels UIC ER7T and ER8T (~0.55 wt.% C), heat-treated to a near pearlitic 
microstructure with some 5–10% pro-eutectoid ferrite in the wheel tread surface. 
Specimens were extracted from virgin wheels and pre-strained either monotonically or 
cyclically, to imitate plastic deformation developing in the wheel tread surface in service. 
Both un-deformed and pre-strained materials were heat treated at various temperatures 
from 250°C to 650°C for various time durations, and the change in room temperature 
hardness as measured before and after heat treatment was analysed. Samples were 
analysed using Scanning Electron Microscopy (SEM), to examine microstructure 
degradation. Additionally, Electron Backscatter Diffraction Analysis (EBSD) was used to 
evaluate if orientation gradients in the pearlitic colonies affect the spheroidisation of the 
pearlitic microstructure that is observed at higher temperatures. 
Analyses after the room temperature hardness measurements showed that hardening due 
to strain ageing takes place at around 300°C while microstructural degradation caused 
softening at higher temperatures. Spheroidisation of the pearlite started to become visible 
at 450°C for the un-deformed material and at around 400°C for the pre-strained. The 
spheroidised areas appear to have lost their initial orientation gradients after 
spheroidisation and obtain a more uniform orientation. 
Cyclic tests at elevated temperature revealed cyclic hardening at around 300°C, as an 
effect of dynamic strain ageing. At higher temperatures, cyclic softening followed due to 
a combination of increasing thermal activation and spheroidisation. 
 
Keywords: Low cycle fatigue (LCF); Hardness; Thermal effects; Pearlitic wheel steels; 
EBSD; Spheroidisation; 
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1 Introduction 
1.1 Background 
One of the most important aspects in railway operation is the interaction between rail 
and wheel. If one takes into account that the contact patch between these two components 
is around the size of a small coin it is clear that very high loads act on a very small area 
and both rails and wheels encounter wear and damage. Frictional forces the surface 
caused by recurring acceleration, braking, curving and occasional full slippage can cause 
cyclic plastic deformation and heating which in turn causes an aligned, anisotropic 
microstructure with altered mechanical behaviour. Control of material property 
degradation is an important topic for guiding maintenance as well as ensuring safety of 
railways, since it will allow for a more accurate prediction of material wear and lifetime. 
The railway industry still relies on steels for the manufacturing of wheels and rails. 
Medium carbon steels (~0.5 wt.% C) are used for the manufacturing of wheels due to their 
combination of high strength and good wear properties in relation to cost. Moreover, heat 
treatment procedures can give these wheel materials a near pearlitic microstructure, with 
finer pearlite closer to the wheel tread surface and favourable residual stress distribution. 
Rails are typically made from steels with slightly higher carbon content, heat treated to 
a fully pearlitic microstructure. Bainitic microstructures have been tried out for both 
wheel and rails and put into service, but still the pearlitic grades dominate strongly the 
market. 
It is of critical importance to study the material microstructure and understand how it 
performs under a complex combination of mechanical and thermal loadings, and how this 
microstructure is affected by all the various factors that come into play in service. 
Understanding how railway materials behave is essential for materials selection for 
different environments, design of railway components and tuning of traction and braking 
systems. The sensitivity to degradation processes and crack formation is dependent on 
material and microstructure. The aim of this project is to help judge limits for utilisation 
of wheel and rail materials with respect to combined cyclic mechanical and thermal 
loadings. 
1.2 Objectives 
In this thesis, the deterioration of the mechanical properties of railway wheel steels after 
exposure to high temperatures and plastic deformation; specifically the medium carbon 
steels UIC ER7T and ER8T (~0.55 wt.% C) were examined. The high thermal loads in 
service can cause severe degradation of the material microstructure, more specifically 
spheroidisation of the pearlite, which combined with plastic deformation (that makes the 
material more prone to spheroidisation) can lead to severe deterioration of the material’s 
mechanical properties.  
The focus in this first part of the project was to quantify the changes in mechanical 
performance of near-pearlitic wheel steels exposed to combined mechanical and thermal 
loadings up to 650°C. This was done by first investigating the changes in room 
temperature hardness that are induced by thermal degradation with and without prior 
plastic deformation. A microstructural evaluation was made to correlate results from 
hardness testing with the microstructural degradation, and to examine microstructure 
variations with depth below the running surface. The elevated temperature performance 
was studied by low cycle fatigue testing. The study complements the literature about 
mechanical behaviour of near-pearlitic wheel steels exposed to combined thermal and 
mechanical loadings and provides a better understanding and quantification of how the 
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material properties will vary with depth below the wheel tread; an important issue since 
material at depth becomes exposed to surface loadings after wheel re-profiling during 
maintenance. EBSD was used in an attempt to evaluate the influence of orientation 
gradients (correlating with the dislocation density according to literature) on the 
degradation of microstructure, and to examine how it changes with increasing heat 
treatment temperature. 
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2 Theory 
2.1 Railway wheels and operation conditions 
Axle loads for passenger trains in Europe vary between 15–25 tonnes [1] and can go even 
higher when it comes to freight trains. A typical wheelset that should carry this load is 
shown in Fig. 2.1 (left). The contact patch for a standard profile rail and wheel (and 11 
tonnes contact force) is elliptical with 18 x 11 mm for the major and minor axes of the 
ellipse [1]. When the wheel is worn, the shape becomes more circular. When the dynamic 
effects and tractive forces are added, one can understand that very high demands are put 
on the materials that are used for these components. Moreover, higher speed and load 
demands from the railway industry increase the requirements on the material quality of 
wheels and rails. Another important aspect of railway operation is regular maintenance. 
The service life of a wheel can vary between 300,000 and 2,500,000 km and during this 
lifetime two to five re-profilings are necessary to remove surface defects and small cracks 
that might have initiated. This procedure exposes new material on the surface of the 
wheel that has slightly different properties than the original surface [1]. Control of 
material property degradation in wheels is an important topic for guiding maintenance 
and ensuring safety of railways. 
 
 
 
Fig. 2.1: A typical wheelset (left) and a sketch of a wheel rim cut-out from a railway wheel with 
relevant nomenclature (right).  
 
The areas of the wheel that are affected the most during operation are the flange, the 
flange root and the tread (Fig. 2.1, right). Wear is the main issue for the flange and the 
flange root but for the tread, in addition to wear there is also rolling contact fatigue (RCF) 
loading and thermal loading coming from frictional heating. Frictional forces arise in the 
wheel-rail contact and in the case of block braking also in the contact between block and 
wheel. In practice temperatures over 500 °C can be achieved [2] during pronounced block 
braking. In the outermost millimetres of the wheel tread, the material also experiences 
large deformation and plastic flow due to creepage. This makes it prone to spheroidisation 
[3].  
Even higher temperatures up to approximately 1050 °C can be reached on occasional 
slippage when the wheels skid along the rail for a short time [4], [5]. This causes phase 
transformations in the steel, often resulting in brittle martensitic patches on the wheel 
tread that can lead to spalling and other problems. Due to the volume change from this 
phase transformation residual compressive and tensile stresses are induced in the 
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material that make it prone to cracking when additional load is applied. Although traction 
control systems in passenger trains have improved in recent years, reducing thermal 
events, on freight trains that still operate on simpler designs and carry higher axle loads 
these phenomena are still present to an extent.  
The following sections in this chapter will describe the microstructural related 
phenomena that occur in wheel material when exposed to medium high temperatures 
(250 – 650 °C). 
 
2.2 Material microstructure 
The most common wheel materials used for rolling stock today are medium carbon steels 
heat-treated to give a near-pearlitic microstructure close to the tread surface. Different 
standards and steel designations exist around the world, shown in table 2.1 [6],[7]. 
 
Table 2.1: Wheel materials used for rolling stock 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Two grades are commonly used on trains in Europe; the ER7 grade is the dominant grade 
on freight trains and on many passenger coaches, while the ER8 grade with slightly 
higher carbon content is often used for passenger trains with driven wheels, so-called 
EMUs (Electric multiple units) [8]. In production, after forging and rolling, wheels are 
rim chilled; a heat treatment yielding a microstructure consisting of fine pearlite with 
some 5–10 vol. % pro-eutectoid ferrite just below the wheel tread [9]. After this heat 
treatment, the letter “T” is added to the designation so in this thesis the commonly used 
names R7T and R8T will be used. 
 
Region Specification Steel grade Carbon content (%) 
Europe EN13262 
ER6 ≤0.48 
ER7 ≤0.52 
ER8 ≤0.56 
ER9 ≤0.60 
North America AAR M-107/M-208 
Class L ≤0.47 
Class A 0.47–0.57 
Class B 0.57–0.67 
Class C 
0.67–0.77 
Class D 
Japan JIS E 5402-1 SSW 
QS 
0.60–0.75 QR 
QRH 
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2.2.1  Morphology and formation of pearlite 
Pearlite is a two-phase structure formed during the transformation from austenite. It 
grows from nuclei that exist in the prior austenite grain boundaries [10]. These nodules 
grow until they finally meet with each other. Pearlite colonies that consist of alternating 
lamellas of ferrite and cementite (Fe3C) exist within each nodule and have a single 
orientation (Fig. 2.2). In steels with hypo-eutectoid composition, free ferrite is also present 
in the microstructure. 
Fig. 2.2: Sketch of pearlite formation 
The transformation temperature determines the resulting interlamellar spacing, 
controlled by the carbon diffusion rate. Thus, it can be manipulated using specific heat 
treatments depending on the chemical composition of the material. Heat treatments that 
employ rapid cooling have the ability to delay the transformation temperature to lower 
temperatures, which in turn results in larger volume fraction of pearlite (with slightly 
hypo-eutectoid composition) and a refined lamellar structure [11]. The nodule size is 
affected by the prior austenite grain size but has little effect on interlamellar spacing [12]. 
It was also shown that colonies within the same nodule have a similar interlamellar 
spacing [13].  
2.2.2 Strength of pearlite 
Increasing the carbon content increases the steel’s strength, often at the expense of 
fracture toughness. More specifically for steels near the eutectoid composition with some 
free ferrite present, the interlamellar spacing is associated with controlling strength 
whereas the ferrite phase governs ductility [14]. Refinement of the interlamellar spacing 
limits the dislocation movement, which mainly occurs in the ferrite lamellas, and 
effectively increases the steels’ strength. Refinement can be accomplished by lowering the 
transformation temperature (by controlling the cooling rate). The strength of both ferrite 
and pearlite follows a Hall-Petch type relationship: 
𝜎𝜎𝑦𝑦 = 𝜎𝜎0 + 𝑘𝑘𝑦𝑦𝑆𝑆−12 (1) 
where S denotes the interlamellar spacing and σy is the yield stress. The material 
constants σo and ky are used for the starting stress for dislocation movement and the 
strengthening coefficient (or dislocation locking) respectively [9],[15]. The yield strength 
of pearlite is mainly dependent on the interlamellar spacing and is independent of prior 
austenite grain size or nodule diameter [14].  
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Another interesting fact is that the dependency of interlamellar spacing on 
transformation temperature increases with the carbon content. In addition, the lower the 
carbon content of pearlite, the larger the interlamellar spacing, according to Bae et al.[16]. 
It was found that the carbon content is more influential than interlamellar spacing or 
prior austenite grain size when it comes to ductility. 
When it comes to hypo-eutectoid steels it was reported [17] that the strength of pearlitic 
colonies didn’t follow a Hall-Petch type relationship and varied even though the 
interlamellar spacing was kept constant. This was attributed to the influence of 
hydrostatic stresses due to the presence of the free ferrite phase. 
A very important consideration when it comes to pearlitic steels is how the lamellar 
microstructure interacts with the dislocations when the material is subjected to external 
loadings, either monotonic or cyclic. The density of dislocations that are produced during 
cyclic loading is much higher than the amount that is produced at monotonic loading for 
similar stress levels. Moreover during a monotonic test reaching larger strains, slip planes 
are rotating towards the tensile axis which is not the case for fully reversed cyclic loading 
[18]. According to the model proposed by Miller-Smith [19], dislocations pile up on the 
interface between cementite and ferrite. Stress concentration then leads to the fracture 
of the cementite lamellas and plastic deformation continues in the neighbouring ferrite 
lamella. Strain localisation is happening only on a few glide planes.  
Based on the above assumption that dislocation sources exist on the interface between 
cementite and ferrite in a local micro yield region, the yield strength of pearlite depends 
on the necessary stress to move dislocations in ferrite between two cementite walls, thus 
it increases with the refinement of the interlamellar spacing which in turn leads to 
strengthening of the material [20].  
 
2.2.3 Pearlite spheroidisation 
At exposure to medium temperatures, starting from around 400 °C up to around 750 °C, 
increasing microstructural degradation occurs. According to common heat treatment 
practice, depicted within a binary iron-carbon phase diagram (Fig 2.3), for temperatures 
below the α-γ transformation line (AC1) there exists a zone where spheroidisation starts 
to occur.  
 
Fig. 2.3: Phase diagram of the iron-carbon system (up to 1.6 wt.% C) calculated using Thermo-Calc 
with fields indicating typical heat treatment temperatures re-drawn from ASM handbook [21]. 
7 
 
 
As the pearlitic lamellar structure is never perfect in reality, there are always 
morphological growth faults that exist such as holes, kinks, striations, etc. Previous 
studies have shown that break-up of the lamellas during annealing happens within 
regions of such growth faults, that were generated during the initial formation of the 
pearlite. Spheroidisation can also initiate from these faults and expansion of such holes 
and thickening of the lamellas occurs [22], [23]. This continuous growth leads to break-
up of large cementite platelets into small particles and then these small particles evolve 
into spheroids. The driving force is the chemical potential gradient between faults with 
various shapes and the neighbouring flat interfaces. In a 2D image the onset of 
spheroidisation appears as a coarsening in the lamellar thickness [23]. 
Moreover, with the addition of cold work, cementite lamellas break and step bands are 
created in some of the pearlite colonies in places where the lamellas break. Those places 
can become initiation points for spheroidisation. In case of hot deformation, preferential 
break-up sites are created by dislocation structures and are believed to accelerate 
spheroidisation by providing short circuit paths for diffusion. In addition, vacancies are 
being generated that increase diffusion rates of carbon and iron [3]. 
For temperatures far below the α-γ transformation line (AC1), damage appears more 
slowly. Initially the pearlite lamellas start to break up and then coarsen until we get 
closer to AC1 where cementite lamellas turn into spheroids (Fig 2.4).  
 
 
Fig. 2.4: Scanning electron micrographs of pearlite microstructure after heat 
treatment. (a) Initial lamella breakup, and (b) complete spheroidisation. 
 
Given the above theoretical background, an attempt to connect this with railway wheel 
material was made in previous studies and in this thesis. First, exposure to high 
temperatures for longer times is known to cause softening of the material [9]. It was also 
found that longer time durations cause more pronounced spheroidisation [24]. Previous 
investigations combining low cycle fatigue loading and elevated temperatures have 
showed a cyclic hardening at 300 °C and cyclic softening at higher temperatures for virgin 
material ER7 [25],[26]. The change in room temperature (RT) hardness after exposure to 
elevated temperatures between 500 °C and 725 °C was also studied before for the ER8 
grade [6]. It was also shown that the two grades ER7T and ER8T behave similarly under 
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cyclic loading with respect to hardening and softening, and only differ in stress levels due 
to the slight difference in carbon content. 
 
2.2.4 Dislocation motion theory 
Deformation in crystalline solids occurs with the generation, movement and accumulation 
of dislocations under an externally applied stress. Dislocation movement is limited by 
internal stress fields from different kinds of obstacles. The mobility of dislocations thus 
depend on thermally activated processes, such as cross-slip and climb, which enable 
dislocations to circumvent the obstacles [27]. The velocity with which they move depends 
on the rate they are able to overcome these obstacles [28]. For pure metals the main 
obstacles are stress fields from other dislocations but for alloys where atoms of different 
elements are in solid solution there are significant contributions from other sources as 
well [29]. The level of thermal activation that is necessary to overcome an obstacle is 
different depending on the kind of obstacle since these can have different strength or 
spacing between them [30]. Two regions exist for the dependence of the dislocation 
velocity with respect to stress and temperature. The first concerns low velocities and 
follows an Arrhenius-type behaviour, i.e. it increases with temperature, and the second 
concerns higher velocities where the temperature dependence is reversed. Only in the 
first region, dislocation motion is thermally activated [29], [31]. 
 
2.2.5 Strain ageing 
Strain ageing in metals refers to the time-dependent phenomenon of impeding dislocation 
motion by segregation of mobile solute atoms. By diffusing to positions around 
dislocations where atoms find a low-energy position, and thus decrease the local stress 
level, these have the ability to temporarily arrest dislocations [32]. According to Cottrell-
Bilby theory [33] it is a two-step process with the first step being the rearrangement of 
interstitials and formation of solute atmosphere around dislocations and the second being 
the formation of discrete clusters or precipitates [34]. In iron-based alloys and more 
specifically carbon steels this phenomenon is associated with interstitially dissolved 
atoms of carbon and nitrogen [35]. There are two types of strain ageing: static strain 
ageing and dynamic strain ageing.  
Static strain ageing refers to the increase in yield stress and tensile strength that is 
observed in alloys when a specimen is strained to a certain level, then unloaded fully or 
partially and aged for a specific amount of time. After the ageing treatment, a higher 
stress response will be observed. Furthermore, in steels, static strain ageing causes the 
appearance of an upper and lower yield point and decreases the total elongation of the 
material [34].  
In dynamic strain ageing (DSA), the dislocations are repeatedly pinned at obstacles 
during the straining process at high temperature, for example during a cyclic test at high 
temperature [36] or during a monotonic test. During such a test, dislocations surmount 
obstacles with the combined help of stress and thermal activation. Dislocation segments 
wait for a certain amount of time until they overcome the obstacle and then go to the next 
one with higher velocity. The diffusion of solute and interstitial atoms to the dislocations 
during this waiting time is called dynamic strain ageing or the Portevin-LeChatelier effect 
(PLC) [37]. This gives a serrated flow stress curve, seen after a tensile test with a suitable 
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combination of temperature and strain rate. DSA is responsible for the increased 
hardening that is observed during a cyclic fatigue test within a parameter window where 
strain rates and temperatures are producing this effect for the specific material and 
condition. So for both static and dynamic strain ageing the evolution of dislocation density 
has a great influence on the strain ageing process [36]. 
 
2.2.6 Dynamic strain ageing and low cycle fatigue tests 
Fatigue life for a given stress amplitude and mean stress typically decreases with 
increasing temperature [38] (a few exceptions exist). When a material is subjected to a 
low cycle fatigue (LCF) experiment at elevated temperature and at low frequency, time-
dependent processes such as creep, oxidation and dynamic strain ageing are influencing 
its mechanical behaviour (stress response including cyclic hardening) and fatigue life [39]. 
Except for this, dynamic strain ageing is shown during a LCF test as serrations, sudden 
load drops, jerkiness or other discontinuities in the stress-strain curve that give it the 
“staircase” type appearance. Serrated flow in cyclic tests can occur at lower temperatures 
than under monotonic deformation tests since non-equilibrium vacancies and dislocations 
that are generated during fatigue deformation enhance the diffusion of solute atoms. 
Another consequence of serrated flow is that it promotes localisation of plastic flow that 
in some cases leads to reduced fatigue life [40].  
Dynamic strain ageing (DSA) is thus responsible for the increased hardening that is 
observed during a cyclic low cycle fatigue test within a parameter window where strain 
rates and temperatures are producing this effect for the specific material and condition. 
Both the hardening within one specific loop and the cyclic hardening (or softening) 
occurring throughout the fatigue life can be affected by DSA. So, apart from the serrated 
flow, the main effect of dynamic strain ageing during low cycle fatigue testing reported in 
the literature, is the increased cyclic hardening in a temperature range of 250–400 °C 
[35], [39]. 
 
2.2.7 Orientation gradients in pearlite 
While interlamellar spacing, prior austenite grain size and other morphological features 
are important when evaluating the strength of pearlite and the sensitivity of the material 
to spheroidisation, there are other microstructural factors that can affect it, such as 
dislocation density or the amount of elements in solid solution.  
Local misorientations in the microstructure are another factor that can affect the 
spheroidisation behaviour of the material. These are the result of a combination of the 
elastic strain field but more importantly they originate from the curvature of the crystal 
lattice that is associated with geometrically necessary dislocation density [41]. It was 
found that pearlitic ferrite (and presumably the cementite) contains orientation gradients 
(in contrast to the pro-eutectoid ferrite), which suggests that there is a certain density of 
geometrically necessary dislocations present [38]. It was concluded that in order to fully 
understand the mechanical properties of pearlite, the dislocation density of the pearlitic 
microstructure needs to be taken into account. 
The heat-treated wheel material was evaluated using the EBSD technique to estimate 
dislocation density and distribution in a material as well as strain fields that exist in the 
material microstructure [43], [44]. 
  
10 
 
 
  
11 
 
3 Experimental procedures 
3.1 Materials 
The steels studied in the present work were the ER8 and the ER7 wheel steel grades. 
These materials follow the standard EN13262 [6] and their nominal compositions are 
shown in Table 3.1.  
 
Table 3.1: Chemical composition of R8T and R7T wheel material, maximum levels, in wt.% 
 
 
The rim chilling heat treatment (the wheel tread and flange are cooled with water jets 
after austenitisation) that these materials undergo during production creates a fine-
pearlitic microstructure close to the rim with a slight decrease in hardness and strength 
and a slight increase in free ferrite and interlamellar spacing with increasing depth. 
 
This investigation will cover the change in room temperature (RT) hardness after 
exposure to elevated temperatures of 250 to 650 °C for R8T grade material under the 
following conditions: 
 
1. Undeformed (taken from an un-used wheel, “virgin material”) 
2. After monotonic pre-straining to 6.5% plastic strain and 
3. After cyclic pre-straining at ∆εt/2=1.0% until saturation. 
 
The degradation of the microstructure is registered and correlated to the hardness change 
measured. Material at larger depths below the wheel tread surface experiences slower 
cooling in production, which gives a decreasing hardness with depth. To extend the 
validity of the results to a wider range of heat treatments, or depth below the surface, 
hardness at increasing depth below the surface was measured and correlated with 
microstructural parameters examined by scanning electron microscopy and optical 
microscopy. Specifically, the ferrite content and lamellar spacing was measured at 
different depths for both undeformed R8T and R7T. Moreover, an attempt was made to 
complement the picture from the literature on mechanical behaviour at elevated 
temperature. This was accomplished by examining the low cycle fatigue (LCF) behaviour 
of the R7T material at elevated temperatures of 250 °C–600 °C and including hold times 
during which stress relaxation could be studied.  
 
The last component of this study was to examine R8T wheel material using the EBSD 
technique for samples with different heat treatments and different pre-strain conditions. 
 
 
 
 C Si Mn Mo Cr Ni S P V Fe 
ER7 (R7T) 0.52 0.40 0.80 0.08 0.30 0.30 <0.015 0.020 <0.006 Bal 
ER8 (R8T) 0.56 0.40 0.80 0.08 0.30 0.30 <0.015 0.020 <0.006 Bal 
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3.2 Pre-straining 
Tensile bars with 5 mm thickness and “dog bone” shape (see Fig. 3.1, dimensions in mm) 
were taken from a virgin R8T wheel at a depth of around 20 mm below the running 
surface. These bars were pre-strained using an Instron electro-mechanical tensile 
machine to 6.5% longitudinal strain. Two extensometers were used to prove an even 
strain distribution. Tests were run in strain control at a strain rate of 10-4 s-1. Samples 
were taken from the waist of the pre-strained bars and cut into pieces around 5x8x8 mm, 
to be used for hardness testing and heat treatment experiments.  
 
 
 
Fig. 3.1: Geometry of tensile test bars 
 
 
Similar pieces were taken from cylindrical specimens from a depth of 15 mm below the 
running surface (Fig. 3.2) that had previously been exposed to uniaxial push-pull low cycle 
fatigue experiments at room temperature under constant strain amplitude loading at 
∆εt/2=1.0% run until failure (approximately 1300 cycles). All specimens were ground and 
polished down to 1 μm diamond suspension before the hardness measurements and heat 
treatments. 
 
 
Fig. 3.2: Position of samples for LCF. All samples were extracted 
approximately at a depth of 15 mm below the wheel tread [45] 
 
3.3 Heat treatments and hardness  
Vickers hardness measurements were performed in undeformed and pre-strained 
conditions before heat treatment using an applied load of 10 kg in a Wolpert 2RC hardness 
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tester. Then the samples were put in a tube furnace with a nitrogen inert atmosphere to 
prevent oxidation and decarburisation. Both undeformed and pre-strained samples were 
heat treated for 4, 28 and 238 minutes at various temperatures in the range 250–650 °C. 
After heat treatments at selected times and temperatures, new room temperature 
hardness measurements were performed, again with a 10 kg load. For both measurement 
series, indentations were placed randomly on the specimen surface at a distance more 
than twice the diagonal length from the previous indentation. The hardness was taken as 
the mean value of three indentations that were measured with an optical microscope 
afterwards to decrease the error in reading. 
 
3.4 Mechanical testing 
These tests were performed on virgin wheels of the R7T material and samples were taken 
from the wheel rims parallel to the running direction at a depth of approximately 15–20 
mm below the running surface. Cylindrical tensile test bars with gauge diameter 6 mm 
were produced and ground to 800 grit. Low cycle fatigue tests were run in an Instron 
servo-hydraulic test frame in strain amplitude control mode. Tests were run at constant 
total strain amplitude Δεt/2 of 0.6% with triangular wave shape at Rε=−1 and strain rate 
5×10−3 s−1 giving a cycle time of 4.8 s. (Tests with Δεt/2 = 0.4% and Δεt/2 = 1.0% were also 
run under the same conditions, but these are not addressed in this thesis). Peak/trough 
values were recorded for every cycle, and full hysteresis loops were recorded for the initial 
25 cycles and thereafter regularly during their lifetime. Several tests were run with hold 
periods repeating every 500 cycles. These hold periods had a duration of 30 min, and the 
stress relaxation under constant compressive strain of -0.6% was recorded. The test 
durations varied between 4 and 8 h depending on temperature. The machine was 
equipped with a furnace to perform isothermal tests at elevated temperatures from 250 
°C to 600 °C without atmosphere control. Specimens were first mounted in the grips, then 
the furnace was sealed with insulation wool and heated until the temperature of the 
specimen became stable at the desired level. All tests were run under constant 
temperature until failure. 
 
3.5 Microstructure investigation 
Light optical microscopy (OM) and scanning electron microscopy (SEM) were used to 
evaluate the initial and final microstructures. In addition, the electron backscatter 
diffraction (EBSD) technique was employed to evaluate the orientation gradients of the 
material in its initial and as-heat-treated condition. The specimens were mechanically 
ground and polished to 0.04 μm using a colloidal silica suspension. Etching was done 
using Nital (3% HNO3 in ethanol) to gain some topographical contrast and thus be able to 
map regions of interest. The high-resolution micrographs and the EBSD measurements 
were carried out in a LEO 1550 high-resolution field emission scanning electron 
microscope (FEG-SEM). The system was equipped with an EBSD detector (Nordlys, 
Oxford instruments), a high-speed camera for EBSD pattern recording and software for 
crystal orientation mapping (AZtecHKL). The samples were tilted to have their normal 
at 70° to the incident beam and the SEM was operating at an accelerating voltage of 20 
kV. Crystallographic orientation maps were taken on the pearlite colonies as well as on 
the pro-eutectoid ferrite with a step size of 130 nm, which is around the interlamellar 
spacing of the pearlite in this material. The EBSD patterns of the pearlitic cementite were 
of insufficient quality and were thus omitted from the analysis. For the grain boundary 
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maps, low angle boundaries (LAB) were selected between 2° and 10° (marked with red 
lines) and high angle boundaries (HAB) higher than 10° (marked with black lines). 
 
Another useful map type for this investigation is the kernel average misorientation map 
(KAM). This type of map reveals short-range orientation gradients and allows us to 
distinguish between local orientation changes and sub-boundaries. For this calculation, 
the average misorientation between a point on the measurement grid and its neighbours 
is measured. Misorientations between all neighbouring points within the kernel are then 
averaged, and to exclude the grain boundary effect a 3° cut-off angle was used as a filter 
to only focus on small rotations that could also indicate a high dislocation density. For 
this study, a square scanning grid was used as shown in Fig. 3.3, and from that, the 2nd 
neighbour shell (5x5) was used to evaluate the material.  
 
 
Fig. 3.3 Kernel shells for a square grid 
 
In order to determine the pearlite interlamellar spacing, a series of circular test grids 
with constant diameter (5 µm) was randomly superimposed on pearlite colonies imaged 
at a constant magnification. The number of interceptions was counted and the mean 
random spacing (δr) was calculated as: 
 
 𝛿𝛿𝑟𝑟 = 𝜋𝜋𝑑𝑑𝑐𝑐𝑛𝑛   (2) 
 
where 𝑑𝑑𝑐𝑐 is diameter of circular grids and 𝑛𝑛 is the number of interceptions. This method 
ensures a more randomised and unbiased measure of interlamellar spacing [46]. The data 
was later converted to the mean directed spacing for each circular test grid. In order to 
determine the true lamellar spacing, the influence of sectioning angle was compensated 
for. This was performed by generation of the cumulative probability of true lamellar 
spacing based on observed apparent spacing. In the final step, the distribution of true 
lamellar spacing was estimated by inverse identification of parameters (𝜇𝜇 and 𝜎𝜎) of the 
normal distribution probability function (see Equation 3), giving the least deviation 
between the experimental and estimated cumulative probabilities. 
 
 𝑃𝑃(𝐿𝐿) = 1
𝜎𝜎√2𝜋𝜋
 𝑒𝑒−(𝐿𝐿−𝜇𝜇)22𝜎𝜎2   (3) 
 
where 𝜇𝜇 and 𝜎𝜎 represent mean value and standard deviation. The key advantage of this 
method is to obtain the distribution of true lamellar spacing, in addition to the value of 
15 
mean true lamellar spacing, frequently reported in literature as the only parameter to 
characterise pearlitic steels. 
In addition, depth profiles were acquired for the two materials in the undeformed state 
and the microstructure was characterised to evaluate the gradual changes developing 
during the rim chilling process in production. The free ferrite content of undeformed R8T 
and R7T was measured using the optical microscope and the phase identification module 
of the Axio Visio software. 
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4 Results and summary of appended papers 
This section presents a selection of the main results and analysis, for the performed 
experiments.  
4.1 Hardness measurements 
The effect of the heat treatments is shown in Fig. 4.1. The initial hardness value for the 
virgin material, also called “undeformed” R8T, is around 260 HV10 (Fig. 4.1a), around 
274 HV10 for the monotonically strained condition (Fig. 4.1b) and around 309 HV10 for 
the cyclically strained R8T (Fig. 4.1c). 
From Fig. 4.1a-b, it is clear that a hardening process is taking place at around 300 °C for 
the undeformed and the monotonically strained materials, whereas for the cyclically 
strained material (Fig. 4.1c) this is less obvious. The main reason for this hardening is 
strain ageing. When the material is monotonically strained and then annealed, static 
strain ageing gives a higher work hardening effect than seen for the undeformed 
condition. For the cyclically strained material, dislocations that were generated during 
the testing are annealed from the heat treatment which counteracts the effect of static 
strain ageing and thus this condition shows a lower work hardening effect. 
The hardening seems to be more pronounced when the material is subjected to 28 min 
heat treatments, in the case of both the virgin and the monotonically strained material. 
At temperatures above 350 °C, softening occurs for all three time durations. For the 
temperature range 400–450 °C, both of the above conditions have lost a few percent in 
hardness, whereas the cyclically strained material undergoes severe softening in this 
temperature range. After 500°C, severe softening for all conditions is observed.  
 
Fig. 4.1: Hardness change after heat treatments of R8T material for (a) 
undeformed (b) monotonically strained and (c) cyclically strained 
It can be concluded from the above observations that exposure to high temperatures has 
a large influence on the hardness of the material. The above results indicate that plastic 
18 
 
 
deformation combined with exposure to high temperatures, for example after excessive 
braking in train operation, will have a great impact on the mechanical properties of the 
material. 
 
4.2 Low Cycle Fatigue Behaviour 
To complement the above hardness measurements with behaviour at elevated 
temperatures, low cycle fatigue tests on R7T were performed. These experiments showed 
again the strong influence of temperature on the peak stress development, see Fig. 4.2 
(the equivalent graph with the trough stress development during the compressive 
segments of the test shows very similar results with the lines mirrored towards the 
negative values).  
 
At 300 °C, there is a strong initial hardening that decreases to slight hardening during 
the remainder of the fatigue life (seen in the range 10–80% of the fatigue life, thereafter 
major cracks influence the stresses registered). At 250 °C, the hardening is even stronger 
than at 300 °C and it appears later in the fatigue life. The mechanism behind this 
hardening is dynamic strain ageing, with locking of dislocations by interstitials [39]. At 
350 °C, thermal softening, i.e. increased mobility of dislocation following increased 
thermal activation sets in, and at 400 °C, this mechanism dominates, giving lower peak 
stresses with time as compared to the room temperature behaviour seen in Fig. 4.2 (left). 
At the two higher temperatures, 500 °C and 600 °C, the material exhibits considerably 
lower peak stresses and cyclically softens during the fatigue life as a result of combined 
thermal softening and microstructural degradation. 
 
 
Fig. 4.2: Peak stress development in the interval 250–600 °C with a room temperature curve also 
reported for reference. 
It is clear from these results that similar behaviour is observed around 300 °C for both 
R7T and R8T with pronounced hardening occurring and severe softening for higher 
temperatures. 
4.3 Microstructure  
These two steels have a similar composition with only a slight difference in carbon 
content. Hence, their microstructure looks almost identical. The initial microstructure 
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consists of pearlite (dark areas in Fig. 4.3a, b) and some pro-eutectoid ferrite (appearing 
bright in Fig. 4.3a, b).  
 
 
 
The interlamellar spacing was calculated at three different depths using SEM 
micrographs (Fig. 4.3c, d). The mean true interlamellar spacing values along with the 
standard deviations appear on table 4.1. 
Table 4.1: Mean true interlamellar spacing (nm) 
Depth (mm) R8T St. deviation R7T St. deviation 
20 132 5.6 125 8.7 
40 145 9.5 134 4.1 
60 157 8.7 146 12.8 
Fig. 4.3: Microstructural overview of the undeformed R8T using optical microscopy (a, b) and SEM (c, 
d) at different magnifications. 
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It is clear that the spacing is finer close to the surface and gets coarser as we move further 
down from the surface of the wheel. One would expect the R8T with the higher carbon 
content to have finer spacing [16] but cooling rates could have a stronger effect. 
The ferrite content is shown in Fig. 4.4. It increases from 8.2 at 20 mm depth up to 12.2 
vol.% at 60 mm depth for R8T and correspondingly from 11.3 to 14.4 vol.% for R7T.  
 
Fig. 4.4: Ferrite content with increasing depth 
Table 4.2 shows the hardness measurements at the three depths. It is clear that the 
material softens with increasing depth since the free ferrite content increases and the 
interlamellar spacing increases. R8T has slightly higher hardness than R7T as expected. 
An unexpectedly high hardness value for R7T at 60 mm depth was measured, but is 
thought to be due to measurement inaccuracy and sampling, combined with a larger 
standard deviation in the R7T interlamellar spacing at 60 mm depth. 
Table 4.2: Hardness with increasing depth 
Depth(mm) Hardness (HV10) R8T R7T 
20 268 266 
40 254 252 
60 242 253 
 
The SEM investigation of the undeformed material, after the annealing treatments, 
showed that the pearlite lamellas start to break up at around 450 °C (Fig. 4.5) with a 
more pronounced effect for longer durations. This could also explain the small drop in 
hardness as seen in Fig. 4.1a. The same degree of spheroidisation happens earlier for the 
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monotonically strained material at around 400 °C. It appears that pre-deformation of the 
material has an effect on the microstructure degradation. 
 
 
Higher temperatures and longer times allow for stronger spheroidisation, which 
correlates to the increasing drop in hardness. It is shown in Fig. 4.6 that severe 
spheroidisation is taking place for temperatures over 500 °C. Similar results were 
obtained for the cyclically strained R8T material. 
 
 
It is obvious from these micrographs that the combined influence of plastic deformation 
and thermal exposure causes degradation of the microstructure. First, the lamellas break 
up due to the deformation and the heat treatment, and then through further coarsening 
spheroidisation of the cementite particles occurs. This in turn causes the decrease in room 
temperature hardness that is observed, which is more severe for longer durations and 
higher temperatures.  
 
Fig. 4.5: SEM micrographs of the R8T material heat-treated for 238 min a) undeformed at 450 °C and 
b) monotonically strained at 400 °C 
Fig. 4.6: SEM micrographs of the monotonically strained R8T heat-treated for 238 min at a) 500°C 
and b) 600°C 
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4.4 EBSD analysis 
This section includes the latest results and some preliminary conclusions of an ongoing 
investigation, and as such, they only partly appear in the second paper. Wheel material 
R8T was examined in this EBSD analysis. As a reference point, an undeformed specimen 
was examined to evaluate the initial state of the material microstructure after production. 
A random area was selected without taking into account any specific pearlite colony or 
other microstructural features. The grain boundaries map along with the kernel average 
misorientation map is shown in Fig 4.7. One can observe from these that many sub-grain 
boundaries exist (showing as red lines on grain boundary maps) along with a strong local 
misorientation, which suggests that a high dislocation density is present in the initial 
microstructure that is contributing to the material’s initial mechanical properties. 
 
In Fig. 4.8, an SEM micrograph along with the inverse pole figure map is shown for R8T 
after annealing at 300 °C.  
20 μm 20 μm 
Fig. 4.7: Microstructural mapping of undeformed R8T material at room temperature using the grain 
boundary plot with red lines for LAB between 2-10° and black lines for HAB >10° (left) and Kernel average 
misorientation map (right) using orientations up to 2nd neighbour shell. 
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Pearlite colonies appear to have orientation gradients as reported in the literature while 
pro-eutectoid ferrite grains are shown with a single colour and thus a single orientation. 
The grain boundaries and KAM for this condition are show on Fig. 4.9. No apparent 
microstructural degradation is taking place at this temperature but it is clear that 
dislocation density has dropped significantly after annealing. Ferrite grains that appear 
mostly blue in the KAM plot seem to have no sub-grain boundaries and most of these low-
angle boundaries are concentrated in the pearlitic colonies. 
 
 
 
When annealing at even higher temperatures (at 500°C) spheroidisation starts to occur. 
In Fig 4.10, a micrograph of this temperature is shown with an IPF map. Spheroidised 
colonies appear to start losing the previous orientation gradients seen in the pre-existing 
pearlite colonies (c.f. Fig. 4.8, right).  
Fig. 4.8: Microstructure of undeformed R8T material after annealing at 300°C using the forescatter detector 
(left) and texture mapping using the inverse pole figure (IPF) colour code of the crystallographic normal vector 
(right) 
20 μm 20 μm 
20 μm 20 μm 
Fig. 4.9: Microstructural mapping of undeformed R8T material after annealing at 300°C using the grain 
boundary plot with red lines for LAB between 2-10° and black lines for HAB >10°  (left) and Kernel average 
misorientation map (right) using orientations up to 2nd  neighbour shell. 
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The same investigation was also performed for the monotonically strained R8T. A 
comparison of the grain boundary and KAM maps between the two conditions for various 
temperatures is shown in Fig. 4.11 and 4.12 that will allow for some better overview and 
comparison. All the samples appearing in Fig. 4.11 and 4.12 were heat-treated for 4 hours. 
The monotonically strained material seems to have a higher number of sub-grain 
boundaries that seem not to anneal as fast as the undeformed material even at the higher 
temperatures.  
20 μm 20 μm 
Fig. 4.10: Microstructure of undeformed R8T material after annealing at 500°C (left) and texture mapping using 
the inverse pole figure (IPF) colour code of the crystallographic normal vector (right) 
25 
 
 
 
Ferrite grains appear with no local misorientation (blue colour) in the undeformed 
material KAM maps whereas in the monotonically strained ones they seem to have some 
degree of misorientation and a larger part of the field of view is showing as green. One 
possibility is that since pre-straining makes the material more prone to spheroidisation 
as shown previously from the heat treatments, cementite carbon might be diffusing from 
previous pearlite colonies to the pro-eutectoid ferrite grains and precipitating there. Given 
that this isstill under evaluation further analysis of the results will be performed in the 
near future. 
500 °C 
=20 µm; GB 2-10; Step=0,13 µm; Grid823x539 =20 µm; GB; Step=0,13 µm; Grid734x550
Undeformed:    
    
 
 
 
 
 
 
Monotonicallys
trained: 
300 °C 650 °C 
Fig. 4.11: Grain boundary maps comparison between undeformed and monotonically strained R8T at various 
temperatures (red lines for LAB between 2-10° and black lines for HAB >10°), scaling as in Fig. 4.7, 4.9 
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4.5 Final remarks and conclusion 
The effect of combined thermal and mechanical loadings on the mechanical behaviour of 
near-pearlitic railway wheel steels was evaluated. The two materials R8T and R7T exhibit 
a slight difference in carbon content and may show a slight difference in hardness but 
otherwise behave similarly. The hardness tests performed at room temperature isolate 
the effect of microstructural degradation, while the elevated temperature low cycle 
fatigue tests show the combined influence of microstructural degeneration and thermal 
softening due to increased thermal activation at higher temperatures. 
Annealing treatments of R8T and evaluation of cyclic mechanical properties of R7T 
allowed for the following conclusions. 
• The room temperature hardness increase after annealing at around 300 °C is 
evident for both un-deformed and monotonically strained conditions. It is more 
pronounced in the monotonically strained material despite the higher starting 
level. After annealing above 350°C room temperature hardness does not change 
much, until 450 °C for the monotonically strained, and 500 °C for the un-deformed 
material. Decrease in hardness at 500 °C was around 5% for both conditions, and 
reached almost 22% at 650 °C for the monotonically strained material. The 
cyclically strained material softens at all temperatures, and reaches a 30% 
decrease already after annealing at 600 °C. 
500 °C 
=20 µm; Map11; Step=0,13 µm; Grid823x539 =20 µm; Map6; Step=0,13 µm; Grid734x550
Undeformed:    
    
 
 
 
 
 
 
Monotonicallys
trained: 
650 °C 300 °C 
Fig. 4.12: Kernel average misorientation maps comparison between undeformed and monotonically 
strained R8T at various temperatures, colour scale and scaling as in Fig.4.7, 4.9 
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• Hardening was also observed during the low cycle fatigue tests performed at 
around 300 °C due to dynamic strain ageing. Cyclic hardening starts rather 
strongly in the beginning of the fatigue life and then continues at a decreasing 
rate. At 500 °C, cyclic softening can be observed during the entire fatigue life. Hold 
times showed that the material exhibits stress relaxation due to viscous effects 
from temperatures at around 250–300 °C, increasing strongly with temperature. 
The influence of hold times on the stress-strain loop during further cycling is small. 
• After heat treatments, the microstructure evaluations showed that pearlite 
lamellas in the un-deformed material start to break up at around 450 °C, with a 
more pronounced effect for longer heat treatment durations and higher 
temperatures. Pearlite lamellas begin to break up earlier for both pre-strained 
states at around 400 °C. Some regions remain seemingly unaffected by 
temperature, and deformation localised to certain colonies and free ferrite could 
be a possible explanation.  
Interlamellar spacing as well as free ferrite have been characterised and found to increase 
with increasing depth below the running surface of the wheel for both materials studied. 
As a result of the above, hardness values decrease gradually with increasing depth below 
the running surface. During the life cycle of a wheel, maintenance such as re-profiling by 
wheel turning is performed at regular intervals. This means that the hardness of the new 
surface will be slightly lower than the initial state due to the hardness gradient. However, 
during run-in, the surface will experience work hardening and residual stresses will 
develop, increasing the strength of the surface layer. Based on the observations above and 
the literature on near-pearlitic steels, it is believed that the results and conclusions drawn 
above are valid not only for the virgin surface region, but throughout the depth of the 
wheel tread exposed to mechanical and thermal loads during the wheel’s service life.  
From the EBSD analysis so far, it can be seen that: 
• Large pearlite colonies appear to have orientation gradients due to the initial 
formation of the pearlite, while ferrite grains have a more uniform orientation. 
• Spheroidised pearlite colonies appear to have lost their initial orientation 
gradients and obtain a more uniform orientation after spheroidisation. These 
mostly contain low-angle boundaries. 
• Large initial orientation gradients are present in the material in its undeformed 
state that is reduced with increasing temperature (drops already at 300°C) but 
orientation gradients remain rather stable for monotonically strained R8T. 
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5 Future work 
Finalising the EBSD analysis is the next part of the project, along with an attempt to 
examine and quantify the amount of spheroidisation that takes place at various 
temperatures and different pre-strained conditions. This will help to correlate 
microstructure with the mechanical properties of the material. Different approaches for 
quantification will be examined with the aim of creating a software tool that can use SEM 
micrographs and provide as output the percentage of spheroidised lamellas for a given 
sample. 
The project will then shift focus, and also include rail material.  Bi-axial testing (tension-
compression and torsion) of rail material R260 will begin, first at room temperature and 
eventually move to high-temperature testing. A possible future expansion is to 
characterise the thermo-mechanical fatigue (TMF) properties, i.e. a varying temperature 
during the mechanical cyclic deformation. 
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